Recently, we have reported a Lewis acid-catalyzed generation and reaction of a-organosulfanyl and a-organoselanyl carbenium ions using ethyl a-fluoroacetates.
a) 5mol% of Sc(OTf) 3 was used in the reactions of ethyl acetate 1-5. b) The isomer ratio is o : pϭ60 : 40.
Chart 1. Preparations of a-Phenylsulfanyl and Phenylselanyl-Fluoroacetamides and Fluoroacetonitriles
amides 8a, c. The reaction with 1-phenyl-1-trimethylsilyloxy ethylene provided the product 8b in low yield (entry 7). The phenylselanylacetonitrile 5 was a good electrophile for various nucleophile as shown in entries 9-13. Some types of silyl enol ethers gave the corresponding ketones 9a, c and aldehyde 9b in high yields. The reactions with aromatic compounds also provided 9d, e. However, the regioselectivities of the reactions were very low. In order to clarify the effect of the fluorine atom in the scandium-catalyzed reactions with nucleophiles, we examined the reactions of a-chloro-and a-bromoacetates and amides 10-13. The chloroester 10 and chloroamide 11 were prepared by our original method using trimethylsilylchloride in nitromethane (Chart 2) because the known methods were not practical for the isolation of the corresponding chlorides. The scandium-catalyzed chlorination of the ester 1 and amide 3 with trimethylsilyl chloride proceeded in high yields over 5 min. The unstable chloroester 10 could be isolated without the usual purification. The bromination also occurred by the almost same method with bromotrimethylsilane. However, the iodination of 1 with iodotrimethylsilane provided a complex mixture. Then, we selected and performed the allylation with allyltrimethylsilane as the representative substrate for the scandium-catalyzed reaction of the phenylselanylacetates 1, 10, 12 and amides 3, 11, 13 in nitromethane. The allylation of the chloroester 10 with 5 mol% of scandium triflate at refluxing condition for 1 h afforded the product 6a (5%), chloroester 10 (15%) and ethyl bis(phenylselanyl)acetate (22%), respectively (Chart 3). The reaction of 10 for 2 h gave a complex mixture, while the reaction of fluoroacetate 1 under the same conditions for 10 min exclusively gave the allylated product 6a in 87% yield, without detection of fluoroester 1 in the reaction mixture. The reaction of a-bromoester 12 over 3 h/reflux gave 6a in moderate yield. We also examined the reactions of acetamides as shown in Chart 4. The scandium-catalyzed allylation of fluoroamide 3 completely proceeded to give 8c in 82% yield under the same conditions as 5 mol% of scandium triflate/nitromethane/reflux over 5 min. However, the reaction of chloroacetamide 11 with allyltrimethylsilane over 1 h reflux did not complete and chloride 11 was recovered in 30% yield. The scandium-catalyzed allylation of bromoacetamide 13 did not proceed under both conditions of 2 h/rt and 10 min/refluxing; however, the reaction under 1 h/refluxing effected C-Se bond fission to provide allyl phenyl selenide (62%), accompanied by the allylated product 8c (28%). From these experiments, the C-Se bond of the bromo derivatives tend to cleave more easily than that of the fluorides. As a whole, the a-fluoroacetates and a-fluoroacetamides were proved to be excellent precursors for the scandium-catalyzed generation of the a-selanyl carbenium ions with respect to the high-selectivity of the cleavage of the C-F bond and the high-reactivity with nucleophiles.
Next, we tried the intramolecular cyclization reactions using the scandium-catalyzed substitution reaction as shown in Chart 5. Since the allylic trimethylsilanes are found to be a good nucleophile as a scandium-catalyzed reaction using afluoroacetates, we performed the reactions with trimethylsilyloxymethyl derivative in the presence of 0.1 eq of Sc(OTf) 3 . The reaction of 1 provided ethyl 4-(hydroxymethyl)-2-(phenylselanyl)pent-4-enoate (14) in 56% yield. The structure of 14 was determined supported by the spectral data, which showed the absorption of the hydroxyl group at n 3343 cm Ϫ1 in the IR spectra, and exhibited three kinds of double of doublet due to the 3-and 4-H at d 2.55 (Jϭ6, 15 4 Se in the mass spectra and the elemental analysis. The phenylsulfanyl acetate 2 also afforded alcohol 15 in 71% yield. Next, alcohols 14, 15 were treated with the same Lewis acid in 1,2-dichloroethane under a reflux condition and transformed to the corresponding lactone derivative 16 and 17. The one-pot transformation from the acetates to the lactones was examined; however, the yields of the lactones could not be improved. 5-Methylene-2-oxatetrahydropyrans are known to be one of the monoterpenes isolated from both the marine sponge, Plakortis zygompha (Laubenfels), 9) and a wild plant, Teucrium marum (Labiatae), 10) which is a powerful lacrimatory essential oil. However, easy accessible methods to these derivatives have not been previously described. 11, 12) Our two-step procedure to the 5-methylene-2-oxatetrahydropyrans could be utilized to the more functionalized derivatives by the transformation of the organoselanyl and organosulfanyl functional groups to more useful ones. The formations of the 5-methylenelactam using a-fluoroacetamides 3 and 4 was also examined by the two routes; however, these failed.
In summary, we have described the details of the scandium-catalyzed C-C bond formation of a-fluoroacetic acid esters, amides and nitriles. The carbon-fluoride bond selectively cleaved by the scandium triflate and the generated carbenium ions effectively react with the soft nucleophiles.
Experimental
Melting points were determined on a Yanagimoto micro-melting point apparatus and uncorrected. Elemental analyses were performed by using Micro Corder (MT-6) of J Science Lob. at the Life Science Research Center, Gifu University.
1 H-and 13 C-NMR spectra were determined with JEOL ECA500 (500 MHz) spectrometer. The 19 F-NMR (470.5 MHz) spectra were obtained in CDCl 3 with trifluoroacetic acid as the external standard. IR spectra were determined on JASCO FT/IR-460plus infrared spectrometer and are expressed in reciprocal centimeter. Electron impact (EI) mass spectra (MS) were obtained using JMS MS700/GI spectrometer with a direct-insertion probe at an ionization voltage of 70 eV.
Preparation of Ethyl 2-Fluoro-2-(phenylselanyl)acetate (1) NaBH 4 (0.49 g, 12.8 mmol) was added portionwise to a EtOH (30.0 ml) solution of diphenyl diselenide (2.00 g, 6.41 mmol). Ethyl chlorofluoroacetate (1.80 g, 12.8 mmol) was added immediately to a colorless solution (if the color of the reaction mixture became yellow, a small amount of NaBH 4 was added to it upto the mixture was colorless). The whole was stirred for 10 min at room temperature and poured into water (100 ml). The organic layer was separated and the aqueous layer was extracted with ether. The combined organic layer was dried over MgSO 4 . The solvent was removed under reduced pressure. The residue was purified by column chromatography on silica gel eluting with EtOAc-n-hexane (1 : 10) to give ethyl 2-fluoro-2-(phenylselanyl)acetate (1) Ethyl 2-Fluoro-2-(phenylsulfanyl)acetate (2) Triethylamine (7.20 g, 71.2 mmol) was added to a toluene (80.0 ml) solution of thiophenol (4.31 g, 39.1 mmol) and ethyl 2-chloro-2-fluoroacetate (5.00 g, 35.6 mmol). The reaction mixture was stirred for 40 min and then refluxed for 10 min. The cooled mixture was poured into water (100 ml). The organic layer was separated and aqueous layer was extracted with ether. The combined organic layer was dried over MgSO 4 Preparation of 2-Fluoro-2-(phenylselanyl)acetamide (3) To EtOH (30.0 ml) solution of ethyl 2-fluoro-2-(phenylselanyl)acetate (1) (3.0 g, 11.5 mmol) was added aqueous 30% NH 3 (30.0 ml) at room temperature.
The mixture was stirred for 15 min and poured into water (200 ml). The organic layer was separated and the aqueous layer was extracted with ether. The combined organic layer was dried over MgSO 4 . The solvent was removed under reduced pressure. The residue was washed with n-hexane to form the white powders. The powders were filtrated to give the almost pure 3 (2.34 g, 88% Preparation of 2-Fluoro-2-(phenylselanyl)acetonitrile (5) Under an Ar atmosphere, a benzene (3.0 ml) solution of 3 (1.16 g, 5.00 mmol) was added to a benzene solution of PPSE (prepared from phosphorous pentoxide (5.00 g, 35.2 mmol) and hexamethyl disiloxane (15.0 ml)) 8) at room temperature. The mixture was refluxed for 12 h and poured into water (100 ml). The organic layer was separated and the aqueous layer was extracted with ether. The combined organic layer was dried over MgSO 4 . The solvent was removed under reduced pressure. The residue was purified by column chromatography on silica gel eluting with EtOAc-n-hexane Preparation of Ethyl 2-Chloro-2-(phenylselanyl)acetate (10) Scandium triflate (47 mg, 0.01 mmol) was added to a nitromethane (5.0 ml) solution of 1 (0.50 g, 1.90 mmol) and chlorotrimethylsilane (0.62 g, 5.7 mmol) at room temperature. The mixture was refluxed for 5 min and poured into a sat. NaHCO 3 (50 ml) solution. The organic layer was separated and the aqueous layer was extracted with ether. The combined organic layer was dried over MgSO 4 . The solvent was removed under reduced pressure. The residue was purified by the preparative TLC on silica gel eluting with EtOAc-n-hexane (1 : 20) 
